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Abstract

Lipid nanoparticles (LNPs) have been widely applied in drug and gene delivery. More than twenty
years ago, Doxil™ was the first LNPs-based drug approved by the US Food and Drug
Administration (FDA). Since then, with decades of research and development, more and more
LNP-based therapeutics have been used to treat diverse diseases, which often offer the benefits of
reduced toxicity and/or enhanced efficacy compared to the active ingredients alone. Here, we
provide a review of recent advances in the development of efficient and robust LNPs for drug/gene
delivery. We emphasize the importance of rationally combining experimental and computational
approaches, especially those providing multiscale structural and functional information of LNPs,
to the design of novel and powerful LNP-based delivery systems.
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INTRODUCTION

An ideal drug delivery system (DDS) would not only protect its payloads before reaching
the target site but also act as a bridge facilitating the drug’s delivery into target cells. Lipid-
based nanoparticles (LNPs) have attracted much attention due to their ability to encapsulate
and transport small molecule drugs as well as nucleic acid drugs, their versatility in structure
and composition, and their inherent selectivity towards tumor cells and inflammation sites
[1,2]. For the benefits of reduced toxicity and enhanced efficacy, LNPs-based formulations
of several conventional small molecule drugs have received clinical approval or have been in
clinical trials for the treatment of life-threatening or even incurable diseases [3]. In addition
to being a carrier for small molecule drugs, LNPs have also stirred strong interest in their
application in gene therapy. LNPs have proven to be effective delivery vectors for nucleic
acid drugs, and many LNPs are entering the pipeline. Since the realization of the first
nanomedicine delivery system, from concept to clinical application, lipid-based DDSs have
become a versatile technological platform with considerable clinical acceptance.

LNPs represent a class of nanoscale particles composed of various types of lipid
components. The size and structure of LNPs may vary depending on the lipid compositions
and ratios as well as the preparation methods. While empirical, combinatorial chemistry-
based approaches have been widely used to develop LNPs [4], we have limited the scope of
this review to the rational design of LNPs with state-of-the-art computational and
experimental techniques, such as the structure-activity relationship (SAR)-based approaches.
We will first review research leading to the development of LNPs for encapsulating small
molecules and nucleic acids for drug delivery. To establish a structure-based framework for
LNP formulation design, we will then discuss the common experimental and computational
approaches to study and characterize LNPs. We will focus on computational studies that
have not only elucidated the structural properties of LNPs, but also provided insights into the
dynamics of LNPs as well as how LNPs interact with various endogenous molecular
components during drug delivery. Lastly, by highlighting several exemplary studies that have
combined experiments with computer simulation to develop novel LNP-based therapies, we
conclude that a highly integrative multiscale approach will be critical for the future rational
design of more efficient and robust LNP systems.

DEVELOPMENT OF LNPs

In the early 1960s, it was found that the dried lecithin could form a structure similar to cell
membranes after hydration. Based on this observation, Bangham and Horne published
electron microscope images of multilamellar vesicles, which are generally considered as the
prototype of LNPs [5]. In 1965, Bangham et a/. further studied ion diffusion through these
liquid-crystalline phospholipid structures, which laid the foundation for LNPs as a DDS [6].
In the year 1968, Sessa and Weissmann successfully built a lysosomal model and defined
vesicles composed of one or more layers of phospholipids as “liposome” [7]. After these
early studies and in the last five decades, the development of LNPs has spurred tremendous
interest in drug delivery. Nowadays, LNPs have grown into a promising biocompatible and
biodegradable platform for small molecule and nucleic acid delivery.
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LNPs, as a general term, refer to nanoparticles mainly constructed with lipids. Among them,
liposomes are one of the most extensively studied lipid-based DDSs. Liposomes are defined
as spherical vesicles consisting of single or multiple lipid bilayers, the size of which
typically ranges from 50 nm to 200 nm. Liposomes can be divided into unilamellar vesicles
and multilamellar vesicles (MLVs) according to the number of bilayers. Further, unilamellar
liposomes are divided into small and large unilamellar vesicles (SUVs and LUVs) [8].
Besides liposomes, some LNPs are constructed with lipid-drug aggregates or other
functional lipids and these lipid derivatives could spontaneously assemble into
thermodynamically stable micelle-like structures [9,10]. In addition, hybrid LNPs can be
prepared by introducing polymers or lipid-polymer conjugates into the systems [11-13].
Basically, lipids and their derivatives with various physiochemical and biological properties
can be synthesized and used to develop LNPs for specific therapeutic applications. This
flexibility of lipid-drug combinations has led to a diverse range of LNPs.

Since Doxil™ was approved by the US Food and Drug Administration (FDA) in 1995, LNPs
based formulations have been applied to the treatment of diverse diseases [14]. In addition to
cancer treatment (such as ovarian cancer, breast cancer, AIDS-related Kaposi’s sarcoma,
multiple myeloma, acute lymphoblastic leukemia), LNPs are also clinically used in
antifungal therapy, antibacterial therapy, pain management, and vaccines [15]. To date, LNPs
have been FDA approved for the delivery of eleven small molecule drugs, including
amikacin, cytarabine, doxorubicin, bupivacaine, mifamurtide, irinotecan, paclitaxel,
verteporfin, octafluoropropane, vincristine, and amphotericin B [16].

Concurrently, with the advances in LNPs for small molecule drug delivery, LNPs have been
intensively explored for nucleic acid delivery [17-21]. Early studies of nucleic acid
encapsulation in LNPs were reported in the late 1970s, while in these studies, the neutral
lipids and passive drug loading methods resulted in poor encapsulation efficiency [22-24]
[25,26]. In 1987, the application of cationic lipids, such as 2,3-
bis[oleyl]oxipropyltrimethylammonium chloride (DOTMA) greatly improved the
encapsulation efficiency of nucleic acid drugs due to the favorable interactions between the
positively charged lipids and the negatively charged phosphate groups of nucleic acids [27].
However, the high density of charges on the surface of cationic lipids may interact with
serum proteins and induce strong immune responses [28,29]. Later on, researchers
investigated ionizable lipids with their apparent pKa values below 7, which ensure efficient
encapsulation of nucleic acids at low pH environment, nearly neutral under the physiological
pH condition in circulation, and positive surface charges at the endosomal pH [30]. In 2018,
the FDA approved the clinical use of LNP-based small interfering RNA (siRNA) drug,
ONPATTRO™ (Patisiran), for the treatment of polyneuropathy in adults with hereditary
transthyretin-mediated amyloidosis [31]. The clinical usage of Patisiran represents
significant progress in the development of LNPs for nucleic acid drug delivery. With the
development of new lipids and formulations, a growing number of LNPs are ongoing in
preclinical studies and clinical trials [32,33].
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3. COMPOSITIONS OF LNPs

Phospholipids are the main component of biomembranes as well as LNPs, which give rise to
structural integrity [34][35-37]. Phospholipids typically contain a hydrophilic moiety and
two hydrophobic tails (usually alkyl chains of 14 to 18 carbons). In solution, phospholipids
tend to interact with other membrane components such as cholesterol to form a continuous
bilayer sheet with a thickness of 3-6 nm. Also, some phospholipids could facilitate
transmembrane transport of nucleic acid payloads. For example, dioleoyl
phosphatidylethanolamine (DOPE) is a neutral phospholipid composed of an amino
headgroup and two oleic chains. This structure favors a non-bilayer hexagonal phase, which
promotes membrane fusion, thus facilitating endocytosis and endosomal escape of nucleic
acids [38]. Although the specific compositions and ingredients of individual LNPs may vary,
most pharmaceutical LNPs use natural phospholipids and/or their synthetic derivatives.
Currently, therapeutic LNPs approved in the clinic usually contain phosphatidylcholine (PC;
neutral charge) as the main composition. Despite the diversity of lipid species in mammalian
cell membranes, LNPs based products contain only one or two types of phospholipids to
simplify the particle formulation and scale-up production [39].

Attempts have been made to encapsulate nucleic acids, such as plasmid DNA (pDNA) into
liposomes, whereas low encapsulation rate and delivery efficiency have limited their
applications in nucleic acid drug delivery. Thus, cationic lipids were introduced due to their
favorable electrostatic interactions with the negatively charged nucleic acids [40]. Cationic
lipids consist of a hydrophilic head group and a hydrophobic domain connected v7a a linker.
The head group mostly contains amine groups, such as quaternary ammoniums,
guanidiniums, heterocyclic compounds, and amino-acid derivatives [41-45]. It is not fully
understood how cationic lipids facilitate the delivery of nucleic acids. One hypothesis is that
the positive charges on the surface of LNPs mediate the interactions of LNPs with the
negatively charged cell membrane so that nucleic acids are able to enter cells through
endocytosis [46]. The hydrophobic tails of LNPs are mainly aliphatic hydrocarbon chains or
cholesterol rings. The length of the aliphatic hydrocarbon chain is usually 12 to 18 carbon
atoms, providing sufficient fluidity and rigidity to the lipid membrane. To a large extent, the
linker determines the chemical stability and biodegradability of cationic based LNPs [47].
Recently, Ramishetti et a/, found that linker moieties could influence the siRNA delivery
efficiency by tuning the pKa value of LNPs [48]. The effects of the hydrophobic tails,
hydrophilic head groups, and linkers of cationic lipids on the delivery efficiency have been
extensively reviewed in the literature [47,49,50].

Although efficient in nucleic acids encapsulation, cationic lipids have certain disadvantages,
such as potentially high toxicity and immunogenicity. Animal studies showed that
intravenously injected cationic liposomes caused strong interferon-ry response and liver
damages [51,52]. Afterward, ionizable lipids have been used for nucleic acids delivery [30].
The apparent pKa value of ionizable lipids is less than 7, therefore, under low pH conditions,
LNPs carry positive surface charges, which are beneficial to their electrostatic interaction
with negatively charged nucleic acids, while at physiological pH, LNPs maintain a neutral
surface charge. For example, ionizable lipids, such as 1,2-dioleoyl-3-dimethylammonium
propane (DODAP) and 1,2-dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA), have
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been reported to carry near-neutral charge in the circulation, which has significantly
increased the half-life in circulation after intravenous administration [30,53,54]. By
modifying the hydrophilic head group, Jayaraman et a/., adjusted the pKa value of the
ionizable amino lipid and studied the relationship between the pKa value and the ability to
deliver siRNA. The study showed that the lipid pKa value is an important molecular factor
governing siRNA delivery and the pKa of 6.2-6.5 is the optimal range for siRNA delivery /in
vivo [55]. In another study, Alabi et al., further confirmed the strong correlation between the
pKa of LNPs and the gene-silencing efficacy [56]. Besides nucleic acid payloads, LNPs are
also explored for the delivery of Cas9/sgRNA ribonucleoprotein complexes (RNPs). For
example, Wang et al., developed bio-reducible LNPs for the delivery of RNPs and Cre re-
combinase, respectively [57]. These LNPs induced significant gene editing both /n vitroand
in vivo. Recently, Wei et al. introduced cationic lipids (1,2-dioleoyl-3-trimethylammonium-
propane [DOTAP]) into ionizable lipid 5A2-SC8 LNPs (mDLNPs). The combination of
cationic lipids and ionizable lipids not only facilitated the encapsulation of RNPs but also
retained the delivery capabilities of ionizable LNPs [58]. More recently, Cheng et al.,
utilized cationic lipids to adjust the internal charge of ionizable lipid LNPs for selective
organ delivery of mRNA and RNPs. A series of Selective Organ Targeting (SORT) LNPs
was prepared by introducing DOTAP into mDLNPs. The SORT LNPs showed selective
delivery to liver, spleen, and lung tissues when the molar ratio of DOTAP was 0%, 10-15%,
and 50%, respectively [59].

In addition to phospholipids and charged lipids, LNPs usually include other helper lipids,
such as cholesterol and poly(ethylene glycol) (PEG) lipids [60]. Cholesterol is commonly
used to stabilize lipid formulations in the physiological environment [61]. Allen and Cleland
found that when interacting with plasma proteins, the amount of leaked calcein in liposomes
was negatively correlated with the cholesterol content, indicating that the presence of
cholesterol might have tightened the phospholipid bilayers and, thus, reduced drug leakage
[62]. More recently, the role of cholesterol in the subcellular transport of LNPs was
emphasized. Siddharth et a/. [63] constructed a series of cholesterol analogs and the resultant
structure-activity relationship analysis showed that the incorporation of C-24 alkyl
phytosterols in LNPs (eLNP) could improve the delivery efficiency of mMRNA. In addition,
eL NP showed higher cellular uptake and retention, which might facilitate the endosomal
escape of payloads. The enhanced delivery efficiency of eLNP may be related to subcellular
interactions of cholesterol derivatives, whereas further studies are required to uncover the
effect of cholesterol at the subcellular level.

The significance of PEG in systemic delivery lies in its flexibility for decoration and its
ability to prolong circulating time and reduce immunogenicity. After administration, LNPs
might be taken up by the mononuclear phagocyte system (MPS) and be quickly cleared from
the body [64]. To prolong the circulation time, Kao ef a/., blocked MPS by pretreating the
EMT6 tumor-bearing mice with a large number of blank liposomes [65]. In 1987, Allen et
al., proposed the concept of long-circulating liposomes and found that the insertion of
monosialoganglioside (GM1) into the liposome bilayer could significantly extend the
circulating half-life of liposomes [66]. In 1990, Klibanov et a/. and Blume et al., used
synthetic PEG lipid derivatives to modify liposomes [67,68]. Currently, PEG decoration has
been widely applied in LNP formulation by anchoring PEG derivatives, such as 1,2-
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dimyristoyl-rac-glycero-3-methoxypolyethylene glycol (DMG-PEG) onto the LNP bilayer
to construct long-circulating LNPs or stealth LNPs [69,70]. Doxil™ also employs a typical
PEGylated LNPs, which improves the efficacy and safety of doxorubicin chemotherapy. In
addition, Ryals et al., used PEGylated LNPs for intravitreal delivery of mRNA and they
found that LNPs containing 5% PEG showed the highest stability and delivery efficiency in
the eye [71]. While a molecular understanding of how these abovementioned helper
components stabilize or enhance the delivery efficacy of LNPs is generally lacking,
computer simulations that could fill this gap will be discussed in a later section.

In short, the compositions of LNPs are not as complex as biological membranes, but the
types and structures of lipid components, as well as their ratios, can still be highly diverse.
Changes in lipid structure or lipid content ratios affect the morphology and bioactivity of the
final formulation of LNPs. Therefore, the key to the rational design of LNPs lies in the
development of formulations that form LNPs with specific structural and morphological
properties necessary for drug delivery. Kohli et al., provided a detailed introduction to the
design of LNPs with an emphasis on fine-tuning LNPs’ function by varying lipid structures
[72]. The methodologies for LNPs design and characterization will be further discussed in
the following sections.

3.1. Combinatorial Libraries and High Throughput Screening

Both the composition of lipids and the ratio of lipids to nucleic acids greatly affect the
delivery efficiency of LNPs. High-throughput screening of combinatorial libraries of
compounds, a common practice in medicinal chemistry, is being adopted for the screening of
lipid formulations [4,73-76]. Anderson et al. have pioneered the use of combinatorial
libraries to synthesize and evaluate lipid materials for sSiRNA delivery [4]. Through reactions
of aliphatic amines and acrylamide or acrylates, combinatorial libraries were constructed to
create a variety of lipid structures or lipid-like compounds, termed lipidoids, for either
SiRNA or miRNA delivery [4]. They found that the lipidoids with high delivery efficiency
shared some common structures, such as amide linkages, two or more alkyl tails with a
length between 8 and 12 carbons, and secondary amines. On the basis of this study, Love et
al., built a library of amino alcohol-based lipidoids, in which over a 100 compounds were
synthesized through a ring-opening reaction between epoxides and amine substrates [74].
Through /n vitro high-throughput screening, the leading material C12-200, consisting of a
piperazine ring and five lipid tails, was identified. The C12-200 LNPs were able to
formulate with five different siRNAs and simultaneously silence the target genes in mice.
Later on, Dong et al. synthesized 103 lipopeptide or lipopolypeptide derivatives to develop a
class of lipopeptide nanoparticles (LPNs) for sSiRNA delivery [75]. The lead material, cKK-
E12, showed potent gene silencing efficiency both /in vitroand in multiple /n vivo models,
including mice, rats, and non-human primates. Currently, an increasing number of studies
are attempting to elucidate the structure-function relationship by systematically varying the
lipid structural variables/factors, including chain length, degree of saturation, linker, and
lipid/drug ratio [48,57,77-83]. Most recently, Zhang et al., constructed a series of lipid-like
compounds (FTT) by functionalizing the core structure N1,N3 N>-tris(2-aminoethyl)-
benzene-1,3,5-tricarboxamide derivatives (TT3) with various lipid chains [84]. In the /n vivo
study, the lead material, FTT5 LNPs, showed high delivery efficiency of mRNA encoding
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human factor VI1II and a base editor, respectively, to the mouse liver. Their results indicated
that the chains of the lipid-like compounds are able to tune their biodegradability /n vivo.

In addition, it is critical to explore different lipid compaositions and molar ratios to optimize
LNPs. To address this issue, an orthogonal experimental design has been applied to optimize
the formulations of LNPs. Through the orthogonal design matrix, the factors with different
levels are examined, and the optimal conditions for individual factors are then combined to
obtain the lead formulation. In order to improve the delivery efficiency of lipid-like
nanoparticles (LLNs) formulated with TT3, DOPE, cholesterol, and DMG-PEG2000, Li et
al., designed an orthogonal experiment to investigate the effect of the four components on
mRNA delivery. After two rounds of orthogonal screening, formulation Hi-TT3 LLNs (TT3/
DOPE/Chol/DMG-PEG2000=20/30/40/0) emerged, showing significantly higher delivery
efficiency compared with the initial formulation (TT3-DSPC LLNSs) [85]. To further
stabilize the particle, DMG-PEG2000 was then introduced in the formulation to afford the
final optimal formulation O-TT3 LLNs (TT3/DOPE/Chol/DMG-PEG2000 = 20/30/40/0.75).
In another study, Hou et a/, also utilized an orthogonal experimental design to optimize the
formulation of vitamin C lipid nanoparticles (VcLNPs) for mRNA delivery in macrophages.
The optimized formulation showed seven-fold higher mRNA delivery efficiency compared
with its original formulation [86].

Given the possible existence of second-order interactions between the formulation factors,
lipid libraries based on the single factor analysis may not meet the optimal requirement. To
overcome this limitation, Kauffman et a/., applied a multi-factor analysis strategy using
Design of Experiment (DOE), in which serval factors, including varying lipid ratios and
structures, are analyzed simultaneously [87]. They hypothesized that besides the molar ratio
of the four components (ionizable lipid [C12-200], DSPC, cholesterol and lipid-anchored
PEG [C14-PEG2000]), the C12-200: mRNA weight ratio, also affected the delivery
efficiency of LNPs. After three rounds of screening, the optimized formulation increased the
delivery potency to 7-fold higher than those previously used for siRNA delivery. Currently,
multi-factor analysis using DOE has been utilized in the high-throughput screening of
various LNPs, such as siRNA, mRNA, and CRISPR-Cas9 delivery systems [58,86,88,89].

4. PREPARATION OF LNPs

Currently, a variety of LNPs preparation methods have been established [1,32,90].
Commonly used conventional preparation methods include thin-film hydration method,
French pressure method, ethanol/ether injection method, reverse phase evaporation method,
and freeze-thawing method [6,91-95]. The characteristics of these preparation methods are
summarized in Table 1. However, the traditional preparation methods of LNPs involve
residual organic solvents or surfactants that may compromise the purity and safety of LNPs.
In addition, wide size distribution and inconsistent encapsulation efficiency could affect
scale-up production [96]. These issues motivated the modification of conventional methods
and the development of novel preparation methods such as supercritical fluid reverse phase
evaporation (SRPE), membrane contactor method, and active loading method [1]. Recently,
microfluidic technology has also been developed in the preparation of nanoparticulate drugs
[49,97-100]. In this section, we describe a few representative preparation technologies.
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4.1. Supercritical Fluid Reverse-Phase Evaporation Method

Supercritical fluid (SCF) is a single-fluid substance above its critical temperature and
pressure [101]. Due to its high plasticity and low toxicity, SCF was introduced as an
alternative solvent in the preparation of LNPs. Commonly used SCFs include carbon dioxide
(COy), ethanol, water, propane, and pentane. Among them, supercritical CO, with low
critical temperature and critical pressure has been widely used in liposome preparation.
SRPE is similar to the traditional reverse evaporation method, except that organic solvent is
replaced by SCF. Briefly, lipids and drugs are mixed ultrasonically and dissolved in ethanol,
wherein gaseous CO» is pumped. The temperature and pressure are maintained at a
supercritical state for 30—60 min. Then, the pressure is reduced slowly to release CO, and a
liposome dispersion is obtained. Otake et a/., used the SRPE method to prepare glucose
liposomes [102]. The average size of the liposomes was 481 nm, and the encapsulation
efficiency reached 35%. Although the consumption of organic solvent is reduced,
cosolvents, such as ethanol, could influence the stability of liposomes. In 2006, Otake et al.,
developed an improved SRPE method (ISRPE) by sealing glucose solution with lipids
before introducing CO, [103]. Compared with liposomes prepared by SRPE and the
traditional preparation methods, liposomes prepared by ISRPE had higher encapsulation
efficiency, smaller particle size, and greater stability. In the same year, Otake et a/., used the
ISRPE method to prepare chitosan-coated cationic liposomes [104]. Compared with
liposomes prepared by the traditional Bangham method, the encapsulation efficiency was
increased from 2% to 17%.

Membrane Contactor Method

One disadvantage of the traditional ethanol/ether injection method is that the size of the
produced nanoparticles is not uniform (30-200nm) [105-107]. To solve this issue, a
membrane contactor method was established by adding a membrane unit before injecting the
ethanol phase into the aqueous phase in the process of ethanol injection [108-110].
Specifically, the phospholipid-containing ethanol solution is pressured into the water phase
through a porous membrane. Then, the ethanol phase is contacted with a tangentially
flowing aqueous phase to self-assemble into liposomes. In addition, the particle size can be
adjusted by the flow rate ratio of the water phase/organic phase. For example, Jaafar-Maalej
et al., changed the ratio of water/organic phase flow rate from 1.6 to 2 [108]. Consequently,
the particle size of the liposomes decreased from 203 nm to 61 nm, and the drug
encapsulation rate was still as high as 90%. The diverse membrane materials and the
controllability of the process make this method suitable for the industrial production of
liposomes. At present, this method shows the potential of preparing serval hydrophobic
drugs loaded liposomes, such as beclomethasone dipropionate and spironolactone [109,110].
The prepared liposomes usually have a relatively uniform particle size (100 nm) distribution
and high drug encapsulation efficiency.

4.3. Microfluidic Method

To prepare LNPs encapsulating nucleic acids, early attempts used the detergent dialysis
technique to encapsulate pDNA in LNPs [111]. It involves rapid mixing of hydrophobic
(cationic lipids and cholesterol) and hydrophilic ()DNA) components in a detergent
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containing phase. As the detergent is removed by dialysis, hanoparticles are formed
simultaneously. This technique can produce small (~100 nm) stable plasmid lipid particles
(SPLP) with a relatively uniform size distribution [112-115]. As ionizable lipids were
introduced to LNPs formulation, an ethanol-loading approach was developed to achieve high
loading efficiencies for nucleic acids (Fig. 1).

To meet the basic requirements for an /n vivo DDS, microfluidic mixing has been generally
used as an effective and controllable mixing technique [100,116]. For example, Chen et al.,
applied a microfluidic method for rapid preparation of sSiRNA containing LNPs [117]. By
rapid microfluidic mixing of the ethanol and water phase, a large number of LNPs were
formulated. The method enabled the preparation of high-quality LNPs, which facilitated the
high throughput testing of LNP-mediated siRNA delivery. Li et al. provided a detailed
introduction to LNP preparation protocols [118]. Specifically, to encapsulate nucleic acids,
such as mMRNA in LNPs, the ethanol loading approach involves mixing an ethanol phase
containing ionizable lipid and helper lipids (cholesterol, phospholipid, and PEG lipid) with a
nucleic acid-containing aqueous phase (pH 4 citrate buffer). Subsequently, the LNPs
solution is dialyzed in phosphate-buffered saline to remove the ethanol. More recently,
efforts have also been devoted to microfluidic chip design. Li et al., prepared a microfluidic
chip with an S-shaped channel chevron structure using polydimethylsiloxane/glass [119].
Ethanol solutions of neutral and cationic lipids, SiRNA buffer, and transferrin-PEG-
cholesterol ethanol solutions were injected into the chip through three channels, respectively.
Compared with the bulk-method (BM: Tf-PEG-Chol were introduced after mixing lipid and
SiRNA), the microfluidic liposomes (MF) have smaller and more uniform particle sizes (MF:
132 £ 1.6 nm, PDI = 0.129; BM: 151.8 = 1.8 nm, PDI = 0.216) and higher gene silencing
efficiency (MF: 81% > BM: 69%). Moreover, microfluidic liposomes exhibited better
antitumor effect (MF: 60.4% > BM: 14%). These results demonstrated that microfluidic
technology could be used to prepare LNPs with a more uniform particle size and improved
biological effects. In order to improve the production scale of microfluidic technology, Hood
et al., designed a microfluidic vertical flow focusing (VFF) device with a high aspect ratio
(depth: width =100:1) [120]. This high aspect ratio system greatly enhanced the production
rate of liposomes. The size of prepared liposomes is 80-200 nm and the production rate
reached 1.6 mg/min (100 mg/h). Currently, the ethanol loading technique combined with
microfluidics is a generally applicable process for efficient encapsulation of sSiRNA, mRNA,
pDNA, as well as other negatively charged entities.

Loading Method

The conventional passive loading method does not contain a specific drug-loading step
[121]. Drugs are dissolved in the aqueous phase or organic phase (based on their solubility)
and drug loading occurs during the process of preparation. Thus, the passive loading method
is not suitable for amphiphilic drugs because their oil-water partition coefficient is greatly
affected by the pH and ionic strength of the medium. In contrast, the active loading method
utilizes the gradients of ions or compounds across the liposome membrane as the driving
force to encapsulate drugs. Commonly used active drug loading methods include pH
gradient method [8,122], ammonium ion gradient method [123], and ionophore-mediated
ion gradient method [124]. The pH gradient method is a more classic method and generally
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used for loading of weakly basic drugs. Doxil™ is a representative example of the pH
gradient method. In the preparation of Doxil™, a pH gradient is created when the external
phase of liposomes is exchanged with Na,COs3. As doxorubicin is a weak base, it is in
equilibrium between ionization and molecularization. The non-ionized state of doxorubicin
can pass through the lipid bilayer and be ionized and trapped inside the vesicles [125].
Basically, drugs, such as doxorubcin, are easy to be incorporated into liposomes and have
excellent retention properties, while non-weak base drugs, such as paclitaxel, can be
converted into weak base prodrugs to facilitate encapsulation [126].

5. CHARACTERIZATION OF LNPs IN EXPERIMENTS

5.1. Size and Zeta Potential

The function of LNPs is closely related to their structural and physical properties [127].
Measurement and analysis of LNP parameters, such as particle size, concentration, and zeta
potential can help screen the LNP formulation or predict the effectiveness of the LNPs in
bioassays. Fig. (2) summarizes representative methods for LNPs characterizations. The size
of a nanoparticle is an important parameter that can be tailored to control particle
distributions /n vivo [128]. Dynamic light scattering (DLS) and tracking analysis technology
(NTA) are widely used technologies for measuring particle size [129,130]. The principle of
the DLS is based on the Stokes-Einstein equation; that is, when spherical particles obey the
Brownian motion law in a dilute solution, the intensity of the scattered light is proportional
to the sixth power of the particle diameter. Because the influence of large particles on the
scattered light intensity is much greater than that of small particles, the DLS is suitable for
systems with a un form particle size distribution and can sensitively reveal particle
aggregation. The principle of the NTA is similar to the DLS, but NTA has a higher
resolution and the measurement results are not significantly affected by the sample
concentration. NTA combines light scattering microscopy and video imaging technology to
measure the particle size in the range of 10-2000 nm. The NTA technology can also perform
separate analysis and track individual particles; therefore, the detected particles can be
clearly distinguished and the measurement of the relative light scattering intensity of
individual LNPs can be obtained. Similar to particle size measurement, the zeta potential of
LNPs helps to predict their pharmacokinetic characteristics in the body [131]. The zeta
potential has also been used to optimize the ratio of specific LNPs to different pDNA,
thereby minimizing the degree of aggregation of the formulation [132]. The technique of
laser Doppler velocimetry is widely used for determining the zeta potential of LNPs. The
technology applies an electric field to the particle dispersion to drive the motion of particles
and the zeta potential can be calculated based on the electrophoretic mobility [133,134]. It is
worth noting that the zeta potential is highly sensitive to the environment, such as pH or
ionic strength. Therefore, the measurement of the diluted solution may not be able to reflect
the actual zeta potential of the concentrated suspension [135].

5.2. Morphology

Atomic Force Microscope (AFM), cyro-TEM, and X-ray scattering are the general methods
for morphologic characterization of nanoparticles [136]. In recent years, high-resolution
cryo-TEM has played an increasingly important role in the study of the morphology and
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structure of nanoparticles, including liposomes and other LNPs [137]. For example, Doxil ™
and Myocet™ are two commercially available doxorubicin liposome formulations. Their
aqueous phases contain two nanocrystals of doxorubicin-sulfate and doxorubicin-citrate,
respectively, both of which are bundle structures made of fiber. According to the results
measured by cryo-TEM and X-ray scattering, the average distance between the fibers in
doxorubicin-citrate crystal bundles (3.0 to 3.5 nm) is larger than that in doxorubicin-sulfate
crystal bundles (2.7 nm), which might be explained by the larger volume of citrate ions than
sulfate ions [138,139]. More recently, structures of LNPs for nucleic acid delivery have also
been characterized by the cryo-TEM and small-angle X-ray scattering methods that not only
visualized LNPs but also studied the mechanism of nanoparticle formation [136]. For
example, by observing the electron-dense structure using the cryo-TEM and small-angle X-
ray scattering methods, Kulkarni ef a/. [136] found that LNP-siRNA showed a small
multilayer structure at high siRNA content, in which nucleic acids were located between
tightly bound bilayers. At low siRNA content, the LNP-siRNA system exhibited a combined
structure consisting of siRNA double-layers and amorphous electron-dense core. Using the
X-ray scattering methods, some recent studies re-examined the structure of LNPs and
showed that the electron dense core morphology of LNPs is not composed of reverse
micelles, but an oil core of neutral ionizable lipids, which implies that the LNP-siRNA is
formed by the fusion of smaller particles after the rapid mixing process [98]. Morphological
studies may help to understand the structure of LNPs but also hold limitations because the
original structures (especially the composite structures) could be interfered during the
assessment. For instance, in AFM, the sample is usually placed on the surface of the mica,
which may interact with the lipid components and the original structure of the nucleic acid
complex. Therefore, multiple characterization techniques should be applied to improve the
accuracy of structural analysis.

In Vitro Evaluation of LNPs

Cell studies may help characterize the functions of LNPs, including cytotoxicity,
endocytosis mechanism, and delivery activity. Based on the LNPs and therapeutic purpose,
specific cell experiments can be designed to provide the details at the cellular or subcellular
level. For example, to investigate the mechanism of sSiRNA LNPs’ entry into liver cells,
Gilleron et al., used quantitative fluorescence imaging and electron microscopy to monitor
the uptake profile of SiRNA LNPs in HeLa cells. They found that LNPs enter cells through
clathrin-mediated endocytosis and micropinocytosis. Further, they estimated that only 1-2%
of siRNA could escape from the endosome into the cytosol after endocytosis [140].

In the past decades, researchers have developed many reporter genes as model payloads to
characterize the delivery efficiency of LNPs [56,141-147]. Basically, an ideal reporter gene
does not exist in the cell model or can be easily distinguished from its natural form. In
addition, it should be convenient for measurement and has a wide linear detection range.
Commonly used reporter genes include plasmids encoding luciferase, nuclear-targeted p-
galactosidase, secreted alkaline phosphatase (SEAP), green fluorescent protein (GFP), and
chloramphenicol transferase [148]. In addition to serving as model genes, the reporter gene
can also be used as control for standardizing delivery efficiency. For example, a HeLa cell
line that simultaneously expresses firefly (Photinus pyralis) and Renilla (Renilla reniformis)
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luciferase were used to characterize the lipidoid-mediated delivery of SiRNA [4]. In this
study, siRNA targeted firefly luciferase and Renillaluciferase served as a control. The
SiRNA delivery efficiency was determined by the ratio between a firefly and Renilla
luciferase expression after treating the cells with lipidoid-based LNPs. In another study, Ball
et al., used the firefly luciferase gene targeting siRNA and the fluorescent protein mCherry
encoding mMRNA to investigate the co-delivery efficiency of the LNPs [82]. By quantifying
the fluorescence intensity of the luciferase and the mCherry, both translation of mMRNA and
gene silencing of siRNA were characterized.

Due to the difference between /n vitro and in vivo conditions, the /n vitro results may not
well predict /n vivo delivery [69,149]. Recently, researchers are directly conducting /n vivo
screening based on the therapeutic purpose [150-154]. For example, Dahlman et af.,
reported DNA barcoded nanoparticles, which realized /n7 vivo high-throughput screening of
hundreds of different nanoparticles with interesting chemical structures [153]. A large
volume of animal results was obtained by the combination of high throughput chemistry,
high throughput nanoparticle formulation, and next-generation DNA sequencing [150-152].
Similarly, Guimaraes et al., developed a barcoded mRNA library by modifying mRNA with
a barcoded region [154]. Different mMRNA incorporated LNPs were pooled and administered
intravenously into mice. The functional delivery of mMRNA can be quantified using deep
sequencing for the screening of lead formulations.

6. COMPUTATIONAL APPROACHES FOR STUDIES OF LNPs

Computational studies, especially multiscale modeling and simulations, bridge the gap
between molecular mechanisms and experimentally measured properties of LNPs-based
DDS across multiple length and time scales (Fig. 3). In the following sections, we will focus
on the multiscale computational modeling of LNPs using molecular dynamics (MD)
simulation.

In general, computer simulation consists of two parts: the physical representation of the
system of interest and the algorithms used to simulate the dynamic behavior of the system or
to generate a conformational ensemble of the system. An MD simulation generates a movie
of a set of particles giggling over time using the Newtonian equation of motion from which
the average structural and physical properties of the system can be derived using statistical
mechanics [155]. Sufficient conformational sampling is warranted to obtain statistically
meaningful thermodynamic and structural properties. MD simulation has been widely used
to study biological and soft matter systems.

Multiscale computational approaches involve a physical description of the systems with
multiple levels of details. At the highest level of details, a molecular system is described
using quantum mechanics (QM). QM calculations have been widely applied either directly
to systems, such as carbon nanotubes, quantum dots, and magnetic nanoparticles, or
indirectly to the derivation of models for less detailed simulations (e.g. MD simulations). In
practice, however, QM calculations are limited to small systems with limited degrees of
freedom. If only part of the system requires QM treatment, one can resort to hybrid QM and
molecular mechanical (MM) models, namely QM/MM [156-158].
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To simulate larger systems, one can simplify the systems by averaging out the electron
degrees of freedom and representing them as partial charges on atoms. Under the framework
of MM, atoms are described as van der Waals (vdW) spheres with charges that interact
through empirical electrostatic and Lennard-Jones (LJ) forces. The notion of molecules is
introduced by holding all atoms together using harmonic restraint potentials, such as bond,
angle, and dihedral terms. One limitation of MM is that atoms are described as point
charges, meaning that some important electronic effects like polarization, charge transfer, or
re-electron clouds are ignored. Such a limitation can be overcome by the abovementioned
QM/MM calculations. The set of interaction parameters in MM is called a force-field, which
is generally built from QM calculations and experimental data. Examples of commonly used
force-fields include AMBER (current version: 14 [159]), CHARMM (current version: 36m
for amino acids [160], 36 for lipids [161] and 36 for DNA [162] and RNA [163]), and
OPLS-AA [164]. Among them, CHARMM force-fields have drawn the most usage for MD
simulations involving lipids. Accuracy and reproducibility of the force-fields have been
reviewed elsewhere for interested readers [165,166]. Over the decades, MD has been
developed into a mature technique implemented in a number of software packages, including
CHARMM [167], AMBER [168], NAMD [169], GROMACS [170], OpenMM [171], and
LAMMPS [172]. A typical result of an MD simulation is a trajectory (or a movie) of all
atoms in the system with the spatial and temporal scales limited to 10-102 nanometers (nm)
and 0.1-10 microseconds (us) with contemporary computing resources. In practice, through
coarse graining, the length and time scales of MD simulations can be extended by one
(sometimes even two) order(s) of magnitude to accommodate the need of simulating
nanoparticles of size >100 nm.

Coarse graining in MD simulations often refers to building models in which particles do not
represent atoms, but rather groups of atoms. A typical coarse graining scheme involves two
parts: first is the grouping of atoms to form coarse-grained (CG) beads, and second is the
parameterization of effective potential (or interactions) for the CG beads. Two general
approaches have been extensively explored for MD simulations of chemical or biomolecular
systems. One is the chemistry-based approach represented by the MARTINI model [173];
the other is the physics-based approach [174]. In MARTINI models, lipids are represented
by head group beads and each with two or more tail beads to reproduce some generic
properties of the molecules. Based on the chemical nature of the underlying structure, the
CG beads are assigned specific particle types with varying polarity. The interaction between
the beads is described by a simple and empirical LJ potential with a strength depending on
the interacting bead types. In contrast, a physics-based coarse graining scheme creates beads
from identifying atoms of similar dynamics and parameterizes them through force-matching
[175,176] or reproducing atomic fluctuations [177]. The force-matching method has made
promising progress in simulating multicomponent lipid bilayers in its early stage of
development [178-180], which has provided valuable insights into protein self-assembly
[181] but has been less commonly used for LNPs simulations compared to the MARTINI
models. We note that these two approaches are incompatible with each other, meaning that
combining CG beads constructed using one approach with effective interactions
parameterized using the other approach would lead to incorrect simulations.
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Coarse graining schemes have stretched the limits of MD simulations towards hundreds of
nanometers (nm) and microseconds (us). In order to explore the even greater length and time
scales, one has to replace the dynamics propagation scheme in MD with other algorithms,
such as Brownian dynamics (BD) [182,183], Langevin dynamics (LD) [184], or dissipative
particle dynamics (DPD) [184,185]. Furthermore, solvent-free phase field-based methods in
which a system is described by density or friction fields have been used to study extremely
large-scale biomembranes, i.e., vesicle mimicking a red blood cell, using anisotropic
stochastic dynamics with hydrodynamic interactions [186]. Such membrane dynamics in the
fluid environments derived from first principles can be coupled with the abovementioned
coarse-graining schemes, therefore, further boosting the scope of molecular simulations.
Recent examples include simulating vesicle fission and membrane bud formation by
combining the MARTINI model with a dynamical triangulated surface (DTS) on which slow
large-scale membrane conformational changes were quickly sampled [187]. Although DTS
and similar approaches were successful in describing the shape of simple membranes [188-
191], only with the development of back-mapping from a mesoscopic model to a CG or
atomistic model [187] could the important molecular details be revealed through these
multiscale simulations.

MOLECULAR SIMULATIONS OF LNPs AND RELATED SYSTEMS

7.1. Simulation of Lipid Bilayers

As mentioned in an earlier section, in addition to lipids, LNPs often contain other molecular
components, such as sterols, carotenoids, fat-soluble vitamins, and even cargos they carry.
To rationally design and optimize an LNP-based DDS, a molecular-level understanding of
how small molecules interact with lipid membranes is crucial. These interactions govern the
assembly and distribution of small molecules in terms of their transversal location and
orientation and lateral partitioning in the membranes. Vice versa, the same interactions also
control how lipid bilayers may be influenced by the presence of small molecules, including
membrane structure (ordering, packing, curvature), membrane electrostatic potentials,
membrane mechanical properties (lateral pressures, rigidity), and membrane permeability,
which may, in turn, affect small molecules’ partitioning in the membranes and determine the
drug-carrying ability of specific LNPs. Membrane-small molecule interactions are truly a
mutual effect between membranes and small molecules. The chemical and structural
properties of small molecules cannot solely account for their interactions with (partition in)
the membranes. The composition, structural, and phase properties of the membranes also
play important roles in shaping their interactions with (accommaodation of) small molecules.
Many molecules, such as sterols [192-194], carotenoids [195,196], or vitamins [197,198],
have been reported to partition into membranes and, in turn, affect membrane structures and
properties. Readers are referred to a recent comprehensive review on how membrane
organization can be modulated by specific membrane components and, in turn, shape the
membrane’s cellular function [199].

An important quantity for characterizing small moleculelipid interactions is permeability -
the ability of a drug molecule passing through the membranes - which usually involves the
determination of molecular diffusivity and partitioning. While the experimental
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measurement of the overall permeability is possible, molecular details of the permeation
process have mainly come from computational studies. In general, experiments only allow
the measurement of the overall permeability coefficient and are unable to separate the
contributions from diffusion and partitioning. In addition, the dynamic diffusion processes
are very difficult to probe by experiments. Computer simulations are ideally suited for the
investigation of both partitioning and diffusion of small molecules in lipid bilayers. To
reduce the computational cost, atomistic simulations of lipid bilayer patches have been
commonly employed to infer results on partitioning and diffusion of small molecules in
liposomes [200,201] (Fig. 4A).

Early MD studies of the membrane permeation processes were carried out by Marrink and
Berendsen [202,203]. By constraining a small molecule at a given position inside a lipid
bilayer, both diffusion coefficients and partitioning free energies were calculated through the
analyses of the positional fluctuations and the forces required to maintain the position
constraints. Comparison of simulation results with limited experimental data has shown that
membrane permeability depends on multiple factors [203-208]. Generally, hydrophilic
molecules come across a free energy barrier when entering the hydrocarbon core of the
membrane, whereas hydrophobic molecules tend to reside in the hydrocarbon region of the
membrane [205]. There is, in general, a good correlation between a molecule’s free energy
in the center of the membrane (relative to the bulk water) with its experimental partition
results between water and hexadecane. Interestingly, Bemporad et a/., reported that the size
of small molecules has a more pronounced effect on their partitioning than their diffusion in
lipid bilayers [204]. One example is benzene, which interferes with the lateral packing of
lipid tails due to its relatively large size, but shows little difference in its diffusional behavior
compared to other smaller molecules. Later, Comer and Chipot [207,208] suggested a sub-
diffusive model in which a position-dependent fractional-order quantifies how the motion of
the molecule deviates from classical diffusion along the membrane’s normal direction. By
studying a homolog series of short-tail alcohols, they first showed that the free-energy
barriers for passage through the center of the bilayer decrease with the length of the aliphatic
alcohol chains, in quantitative agreement with experimentally determined differential
solvation free energies in water and oil. Then they employed the sub-diffusive model to
show that a molecule’s permeability is predominantly determined by such free-energy
differences, whereas the fractional diffusivity near the center of the membrane is similar
among the molecules despite the large difference in their molecular weight and lipophilicity.
The strategy was further developed into more affordable membrane permeability
calculations [209] in which one can compute the free-energy profile with a series of free-
energy perturbation calculations and the diffusivity profile with a series of adaptive biasing
force calculations using a Bayesian-interference scheme [210,211]. For a detailed discussion
of small molecules permeating across biological membranes, readers are referred to more
focused reviews [212,213].

7.2. Simulation of PEGylated Membranes

PEGylation has been successfully used to increase the circulation time of drug delivery
liposomes by forming a protective PEG layer over the liposomal surface so as to provide an
external steric sheath. It was reported that this layer prevents the interaction with opsonins,
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thus reducing the drug uptake by immune cells [67]. However, how PEGylated lipids
interact with various surrounding molecules, such as other lipids and solvent molecules, to
shape their localization and steric effect is unclear.

MD simulations have been particularly useful in providing a mechanistic understanding of
how PEGylation improves the drug-loading efficiency of membranes. Dzieciuch et al., for
instance, performed atomistic MD simulations to study how a hydrophobic molecule,
5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (p-THPP), interacts with lipid bilayers
[214]. In agreement with experiments, p-THPP enters both zwitterionic and PEGylated
membranes. While the free volume of p-THPP decided its localization in the zwitterionic
membranes, i.e., in the PEGylated membranes, the p-THPP could wrap with the PEG
corona. Therefore, p-THPP showed greater solvent exposure in PEGylated liposomes than in
zwitterionic ones. Similar MD simulations have been utilized to explain the failure in
improving the targeting of activated endothelium targeting peptide (AETP) using PEGylated
liposomes [215]. The simulations revealed that the bonded AETP moiety was located within
the PEG layer and is, thus, less exposed than other more hydrophilic peptides. It has also
been shown that, under physiological conditions, PEG tends to coil around the ions, which
increases the exposure of the nonpolar ethylene groups and, thus, the effective
hydrophobicity of the molecule. Such increased exposure granted a protective role to PEG
molecules for drug molecules, such as hematoporphyrin [216]. A PEGylated micelle has
also been studied with similar approaches [217,218]. Vukovic et al., [218] showed that
hydrophobic molecules, such as bexarotene, can reside both in the alkane core center by
assembling into a cluster and at the micellar ionic interface of the PEG corona with their
polar ends pointing out to the solvent. By contrast, hydrophilic molecules, such as a human
vasoactive intestinal peptide, are mostly stabilized at the ionic interface by electrostatic
interactions between their positively charged residues and the negatively charged head-
groups of the lipids.

The interactions of PEG with various other essential LNP components, such as cholesterol
[193,219-221] or ions [222,223], have also been investigated by MD simulations. Magarkar
et al., [219] have shown through atomistic MD simulations that PEG enters the lipid bilayer
in a specific fashion by aligning with the B face of the cholesterol molecule. Additionally,
PEG interferes with the role of cholesterol in structuring and compacting the membrane;
when the membrane is PEGylated, the area per lipid increases, rather than decreasing, with
increasing cholesterol. The surface charge of LNPs is crucial to their delivery behavior.
Magarkar et al., [222] used atomistic MD simulations to show that increasing the PEGylated
lipid concentration caused the PEG layer to become effectively positively charged and, thus
weaken its interaction with cations, providing an atomic-level explanation for the inhibition
of calcium-induced liposome fusion by PEGylation observed experimentally.

Tremendous technical advances have been made in liposome-based drug delivery over the
past decades, leading to numerous clinical trials in delivering a diverse variety of drugs. By
inferring information from atomistic simulations of lipid bilayers, one could not only
provide mechanistic explanations for experimental observations but also make predictions
on the effects of specific chemical modifications or re-formulations. Readers are referred for
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more specific reviews on PEGylated LNPs [224-226] and other ligand-conjugated LNPs
[227].

7.3. Simulation of Liposomes and Micelles

Although useful in providing rich information on the structure and dynamics of lipid
bilayers at the molecular level, all-atom MD simulations are unable to probe large-scale
structures and dynamics of liposomes, such as morphological properties, undulation
dynamics and self-assembly processes, which could be critically related to the systems’
delivery efficiency. Therefore, researchers have attempted to interrogate lipid-based DDS
with a simulation at coarser resolutions (Fig. 4B). Coarse-graining preserves most of the
structural and chemical properties of individual molecules in liposomes [228] while
providing the opportunity to probe their biologically relevant dynamics, such as vesicle
formation [229-235], fission, and fusion [236-241].

The MARTINI CG model has been widely applied to construct liposomes or micelles of
various sizes. With the availability of such models, the physical stability of lipid
nanoparticles could be evaluated [242-244]. By studying highly curved liposomal
membranes (diameter of 15-20 nm) using CGMD simulations, Risselada and Marrink [245]
revealed a general packing effect in which closely packed lipid heads and disordered lipid
tails were found in the inner monolayer, whereas the opposite was seen in the outer
monolayer. By mixing PC and phosphatidylethanolamine (PE) lipids, a clear tendency
toward partial transversal demixing of the two components, especially with PE lipids
enriched in the inner monolayer, was observed. This observation is in line with the static
shape concepts that inverted-cone-shaped lipids, such as PE, would prefer the concave
volume of the inner monolayer and has been used to rationally design cationic lipids for
siRNA delivery [246]. Interestingly, molecular simulations also revealed that the ability of
the polyunsaturated lipid tails to backfold could also drive invertedcone-shaped lipids
towards the outer monolayer.

CG simulations have also been carried out to assess the performance of liposomes as drug
carriers [247-250]. For instance, hypericin, an efficient photosensitizer for photodynamic
therapy, was found close to the polar headgroup region of the outer lipid layer and orient so
as to maximize the interactions with the lipid interior using its more hydrophobic end [247].
CGMD simulations also revealed that sSiRNA duplexes were complexed with cationic lipids
and clustered in the interior core of the LNPs, together with phospholipids and cholesterols
[251]. On the other hand, Menichetti et a/. performed high-throughput CGMD simulations to
screen 119 molecules and identified the key features of the effective partitioning free energy
profiles that correlate with experimentally determined partitioning coefficients [252].
Furthermore, they revisited the Meyer-Overton rule for drug-membrane permeability and
found that the permeability coefficient of a compound is determined by its partitioning free-
energy and pKa constant [253]. The established correlation between specific chemical
groups and the resulting permeability coefficients enabled an inverse design strategy and
suggested that the predominance of commonly employed chemical moieties might have
unintentionally limited the range of permeability [254].
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On larger length and time scales, DPD [255-259] and continuum models [260] have been
used to study the behavior of lipid vesicles in fluid flow. The early approaches included BD
simulations [182,183,261,262], by which Noguchi et al., studied the fusion dynamics of
vesicles that are highly relevant to the cell uptake of lipid-based DDS [262].

Molecular simulations can impact the novel DDS development both directly and indirectly.
While capable of directly predicting the stability and morphology of LNPs, CGMD
simulations are more often employed to provide mechanistic insights into the membrane
systems of interest, such as structural properties, lipid-small molecule interactions, which
can, in turn, be used to guide LNP composition optimization or chemical modification for
better delivery efficiency.

8. FORMULATION DESIGN AND OPTIMIZATION FOR LNPs

A typical approach to formulate LNPs is to establish a quantitative structure-activity
relationship (QSAR) between their compositions and /n vitral in vivo activities. Nevertheless,
such phenomenological models with layers of unknown factors are still facing significant
challenges in the optimization of even well-established formula. Furthermore, a missing link
between /n vitroand in vivo behaviors of LNPs has raised the concern of establishing
clinically relevant QSAR models. As a result, tremendous efforts have been devoted to
searching for one or more intermediate points in-between the formula of an LNP and its
clinical behaviors [263]. For example, the phase behavior of LNP systems, which may serve
as a bridge between LNP formulation and in vitro or in vivo delivery performance, with
varying ratios of saturated and unsaturated fatty acids [264] or lipids with different chain
lengths [265,266], has been successfully predicted using machine learning. Other examples
include predicting antibacterial profiles [267] or toxicity [268,269] from LNPs formulations.
Gonzalez-Diaz et al. [270] reported a general perturbation approach for building QSAR
models. They derived and validated several non-classical QSAR-perturbation models and
used them to predict a wide range of properties, from assessment of ADME (absorption,
distribution, metabolism, excretion) properties of chemicals to the rational selection of the
components of cancer co-therapy drug-vitamin release nanoparticles [271] or coated
nanoparticles [272]. Yamankurt et al.,, quantitatively modeled spherical nucleic acid (SNA)
immune activation and identified the minimum number of SNAs needed to build an optimal
QSAR for a given SNA library [273]. Readers are referred to more specific reviews on how
to accurately predict biomedically relevant properties of nanoparticles from experimental
and computational data [274,275].

Another method to enhance the predictive power of QSAR models of LNP formulations is to
bridge experimental measurements with information obtained from molecular simulations.
Metwally et al. [276] demonstrated a computer-assisted drug formulation design process for
estimating the loading of different drugs on their potential carriers. They utilized several
structural modeling and informatics tools, such as MD simulations, molecular docking, data
mining, and artificial neural networks. First, MD simulations were used to simulate the
nanoparticles with specific formulation or compositions. Then, binding free energies of
drugs to their potential nanoparticle carriers were obtained through molecular docking
calculations. Together with the experimental data gathered from the literature, an artificial

Curr Top Med Chem. Author manuscript; available in PMC 2021 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chanetal.

Page 19

neural network was built to correlate the features of the formulation to the experimental and
computational loading efficiency data. A similar approach was extended to solid lipid
nanoparticles [277] and microemulsions [278].

CONCLUSION AND PERSPECTIVES

FUNDING

Studies on lipid nanoparticle-based drug/gene delivery systems cover a wide range of spatial
resolutions, and require multiple disciplines of physics, chemistry, and biotechnology to be
integrated. Formulation and preparation of LNPs necessitate training in chemistry, and
characterization of LNPs using various spectroscopic and microscopic measurements entails
knowledge in biophysics or soft matter physics. To understand the dynamics of LNPs at the
atomic level, computer simulations are often needed to bridge LNPs’ molecular structures
with their biological activities. Yet, the clinically relevant efficiency and robustness of the
DDS of interest are still extremely difficult to predict, even from /n vivoresults. As an
example, only a small number of nucleic acid-based therapeutics have been approved for
clinical use. This obviously reflects the challenges inherent in the development of LNPs.

Therefore, to accelerate the development of DDS, there is an urgent need for integrated
studies that combine computational and experimental approaches. Two common themes in
the integrated studies of LNPs have been reviewed. First, studies have been carried out to
establish relationships between the structural and the functional properties of nanoparticles.
Second, efforts have been made to optimize the formulation of nanoparticles by either
directly predicting their functional performance or predicting their structural properties that
can then be related to the functional performance. We believe that integrating molecular
simulations into these studies could bridge the two existing themes and, thus fill a critical
gap between LNPs’ formulation and their biological activities. As an example, in a previous
study [264], phase behavior (functional performance) of a nanoparticle was correlated with
the particle size (structural property) or lipid chain length (molecular feature), while the
effects of lipid chain length on particle size could be revealed through CGMD simulations
[279]. We envision that unlocking next-generation formulation of LNPs delivery systems
will necessitate taking full advantage of massive experimental and computational data to
elucidate the fundamental principles underlying the drug/gene delivery processes.
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Fig. ().
Schematic illustration of a microfluidic method for the preparation of LNPs.
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Fig. (2).
Physicochemical characterization of LNPs and representative bioassays.
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Fig. (3).

Length scales of various imaging and simulation techniques for probing LNPs.
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Fig. (4). A molecular view of lipid nanoparticles.
(A) Small molecule interacting with a lipid bilayer in an atomistic simulation. Head group

oxygen and nitrogen atoms are colored in red and blue. Carbon atoms are colored in white.
The small molecules shown as spheres partially partitioned in the head group region. (B)
Coarse-grained model of LNPs used for gene delivery, composed of ionizable lipids
(yellow), cholesterol (pink), phospholipid (grey; lipid polar moiety in cyan), PEG-lipid
(violet), and 12 bp DNA (red). Adapted with permission from [251]. Copyright (2012-2013)
American Chemical Society.
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